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Can fully automated detection of
corticospinal tract damage be used
in stroke patients?
ABSTRACT
Objective:We compared manual infarct definition, which is time-consuming and open to bias, with
an automated abnormal tissue detection method in measuring corticospinal tract–infarct overlap
volumes in chronic stroke patients to help predict motor outcome.
Methods: Using diffusion tensor imaging and probabilistic tractography, 4 corticospinal tracts
from the primary motor cortex, dorsal and ventral premotor cortices, and supplementary motor
area to the ipsilateral lower pons were reconstructed in 23 healthy controls. Tract–infarct overlap
volume of each of the 4 corticospinal tracts was determined by overlapping the patients’ lesions
onto the control tract templates, using bothmanually and automatically defined infarcts in 51 patients.
Correlations with upper limb motor impairment were assessed and both methods were directly com-
pared using intraclass correlations (ICC).
Results: Greater impairment was seen in patients with greater corticospinal tract–infarct overlap with
eithermethod (rmanual range50.32–0.46; rautomated range50.42–0.57). Consistency betweenmanual
and automated methods was good to excellent for all 4 corticospinal tracts (ICC range 5 0.71–0.80).
Conclusions: Our results demonstrate that automated infarct identification performs equally
as well as a manual method in quantifying corticospinal tract–infarct overlap following stroke.
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GLOSSARY
ARAT 5 Action Research Arm Test; ICC 5 intraclass correlation coefficient;M1 5 primary motor cortex; NHPT 5 Nine-Hole
Peg Test; PMd 5 dorsal premotor cortex; PMv 5 ventral premotor cortex; SMA 5 supplementary motor area.
The extent of corticospinal tract damage after stroke correlates with motor impairment and can be
calculated by measuring the overlap between the patient’s infarct and control subjects’ recon-
structed corticospinal tracts.1,2 Corticospinal tract volume and integrity can be reliably determined
using diffusion tensor imaging tractography,3 but the current practice of defining infarcted tissue
manually1,2 is time-consuming and open to bias.4 Automated methods of infarct identification
address this problem and increase the translational potential of corticospinal tract injury quanti-
fication to clinical practice. The aim of this study therefore was to confirm the relationship
between motor impairment, in particular of the upper limbs, and corticospinal tract–infarct
overlap in a cohort of chronic stroke patients, and to compare this approach using manual and
automated methods for defining infarcted tissue.
METHODS We recruited chronic stroke patients at least 3 months after first-ever stroke and with weakness of wrist and finger ex-
tensors for at least 48 hours after the onset of symptoms. Age-matched healthy volunteers with no history of neurologic disease par-
ticipated. Subjects with standard MRI exclusion criteria were not studied.
Patients’ upper limb motor performance was assessed with the Action Research Arm Test (ARAT), Nine-Hole Peg Test (NHPT),
Motricity Index, and grip strength. The first principal component of these 4 scores was taken as a representative measure of motor
impairment.
We used probabilistic tractography5 implemented in FSL (http://www.fmrib.ox.ac.uk/fsl/) to reconstruct descending pathways in
control participants from the 4 main cortical motor areas that contribute to the corticospinal tract: primary motor cortex (M1), dorsal
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and ventral premotor cortices (PMd and PMv), and supplementary
motor area (SMA) to the ipsilateral lower pons via the posterior
limb of the internal capsule and upper pons. The output tracts for
each control subject, mapped into a standard Montreal
Neurological Institute space, were superimposed and binarized
so that a value of 1 indicates the presence of a tract in more than
half of our healthy subjects and a value of 0 indicates the lack of a
tract (figure 1).
Patients’ infarcts were identified from normalized T1-weighted
structural images using 2 methods. First, infarcts were defined by
visual inspection (N.K. and N.W.) whereby voxels within the
infarct were given a value of 1 and those outside a value of 0.
Secondly, the automated lesion identification toolbox6 was used
to estimate weighted lesions by comparing each voxel within the
patient’s gray or white matter to that in the same location in every
control subject to yield a degree of abnormality (ranging from 0 to
1). Tract–infarct overlap was calculated by multiplying the infarct
value by the control corticospinal tract template value in each voxel
(figure 1).1
For each of the 4 corticospinal tracts, Pearson correlation
coefficients were determined between motor impairment and
values for each infarct identification method separately (SPSS
20.0, IBM, New York, NY), and compared using Fisher r–z
transformations (figure 2). Covariates considered were age and
time since stroke. Statistical significance was set at a p value of
0.05, Bonferroni corrected for multiple comparisons over 4 cor-
ticospinal tracts. Consistency between the 2 methods was evalu-
ated with 2-way mixed-model intraclass correlation coefficient
(ICC)7 and Pearson correlation coefficients (figure 3). See e-Methods
on the Neurology® Web site at www.neurology.org for additional
methodologic details.
Standard protocol approvals, registrations, and patient
consents. Written consent was obtained from all participants.
The study was approved by the Joint Ethics Committee of the
Institute of Neurology (UCL) and National Hospital for Neurol-
ogy and Neurosurgery (UCLH NHS Trust), London.
RESULTS Fifty-one patients (53.9 6 12.7 years)
and 23 age-matched healthy volunteers (50.6 6 14.7
years) were recruited. Characteristics of the patient
group are provided in table e-1. Patients had a range
of upper limb impairments (ARAT: 19–57; NHPT:
0–104.5; Motricity Index: 42–100; grip strength:
18.2–111.7). The first principal component of these
4 scores explained 71.3% of the total behavioral vari-
ance. Overlap values correlated with impairment for all
4 cortical motor regions with both automated (M1:
r 5 0.56, p , 0.001, figure 2; PMd: r 5 0.57,
p , 0.001; PMv: r 5 0.45, p 5 0.001; SMA: r 5
0.42, p5 0.002) and manual methods (M1: r5 0.46,
p5 0.001, figure 2; PMd: r5 0.43, p5 0.002; PMv:
r 5 0.32, p 5 0.022; SMA: r 5 0.34, p 5 0.010).
Fisher r–z transformations showed no significant
differences between correlation coefficients for any
of the 4 corticospinal tract pairs using each method
(table e-2). Further, in comparing automated and
manual methods, Pearson correlation coefficients
and ICCs (range 5 0.71–0.80) from all cortical
motor regions indicate good to excellent consisten-
cies between the 2 methods (figure 3, table e-3).
ICC values above 0.75 demonstrate an excellent
level of consistency.7 Controlling for age and time
since stroke had no significant effects in correlations
with impairment.
Figure 1 Overview of infarct definition and overlap techniques
First, T1-weighted structural images (A) from patients were spatially normalized (B). Then, infarcts were defined manually (C, in red) or automatically (D, in
light gray). Normal template corticospinal tracts were reconstructed through the regions of interest (posterior limb of internal capsule, and upper and lower
pons), and with an exclusion mask (E). Template corticospinal tracts were then overlapped with the manually (F) and automatically (G) defined infarcts.
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DISCUSSION We have demonstrated that manual
and automated methods of infarct identification pro-
duce similar results when used to assess the degree of
overlap with the corticospinal tract in chronic stroke
patients. Overlap with corticospinal tracts has previ-
ously been examined using only manually defined
lesion volumes, limiting the generalizability of the
approach.1,2 There is no gold standard for defining
the degree of corticospinal tract damage after stroke,
but here we have used correlation with upper limb
impairment as a way of assessing the clinical validity
of our measures.
In the majority of patients, the automated method
yielded larger tract–infarct overlap volumes. This may
Figure 2 Automated and manual lesion-overlaps with template corticospinal tract from primary motor cortex
(n 5 51)
Overlap of corticospinal tract from the primary motor cortex (M1) and infarct determined from manual (black squares) and
automated (open circles) methods plotted against motor impairment (automated: r5 0.56, p, 0.001; manual: r5 0.46, p,
0.001). Similar correlations with motor impairment between the 2 overlap methods are supported by a Fisher r–z trans-
formation (M1: p 5 0.509). Similar results were obtained using weighted tracts defined at the group level without binariza-
tion; see e-Results for more details.
Figure 3 Correlation between automated and manual lesion-overlaps with corticospinal tract from primary
motor cortex (n 5 51)
Pearson correlation coefficient of 0.73 (p , 0.001) and interclass correlations of 0.71 (p , 0.0125) indicate good to
excellent consistency between the 2 overlap methods.
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be attributable to the sensitivity of the fully auto-
mated procedure in detecting additional pertinent
voxel abnormalities in T1-weighted images, including
small-vessel disease and ventricular dilations.6 A direct
meaningful comparison between the 2 methods is not
possible, however, as they are dissimilar in their meas-
urements.6 We did not perform tractography in the
patients as a result of insufficient intact fibers within
and around the infarcted area, thus healthy control
templates were used instead.
Further, we have confirmed that the degree of cor-
ticospinal tract injury determined with either method
was consistent and correlated with motor impairment
in agreement with previous research, particularly for
tracts originating in M1 and PMd.1,2,8 Independent
injury to the tracts descending from PMv and SMA,
however, seems less relevant for predicting impair-
ment in comparison to injury to those from PMd
and M1.
Our results show that corticospinal tract damage
to M1 or PMd accounts for only approximately 30%
of the interpatient variability in chronic-stage motor
impairment, which is partly attributable to our sample
of chronic stroke patients in whom a degree of reorga-
nization is likely to have occurred since the original
injury (table e-2). The relatively low correspondence
between upper limb function and corticospinal tract–
specific integrity may also be related to damage to
important non-corticospinal tract cortical regions9 or
even chronic changes in muscle bulk or tone that may
alter upper limb motor performance. Further, correla-
tion between corticospinal tract damage and upper
limb impairment is likely to be stronger when assessed
early after stroke,10 suggesting that early evaluation of
corticospinal tract integrity with long-term follow-up
may be pertinent in inferring motor outcome. Our
results demonstrate equivalence between automated
and manual lesion identification approaches, opening
the way for large-scale prospective longitudinal stud-
ies of the utility of unbiased assessment of cortico-
spinal tract integrity early after stroke in predicting
late motor outcome after stroke.
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